The statistics of the measured magnetic data of 80 dipole, 400 quadrupole, and 280 sextupole magnets of conventional resistive designs for the APS storage ring is summarized. In order to accommodate the vacuum chamber, the curved dipole has a C-type cross section and the quadrupole and sextupole cross sections have 180" and 120" symmetries, respectively. The data statistics include the integrated main fields, multipole coefficients, magnetic and mechanical axes, and roll angles of the main fields. The average and rms values of the measured magnet data meet the storage ring requirements.
I. INTRODUCTION
The Advanced Photon Source (APS), now undergoing commissioning for operations at Argonne National Laboratory, is a national facility dedicated to providing highly-brilliant synchrotron radiation beams [ 11. The APS accelerator system consists of a 7-GeV positron storage ring (SR), an injector synchrotron, a positron accumulator ring, and a linear accelerator. The 1104-m-circumference SR has 40 sectors of Chasman-Green lattice with two dipole, ten quadrupole (quad), seven sextupole (sext), and eight corrector magnets in each sector. The main parameters for the SR magnets are listed in Table 1 . The five quad families have three different magnetic lengths with the same two-dimensional (2-D) geometry and a bore radius of 40.0 mm. The four sext families are the same design with a bore radius of 49.0 mm. The 80 dipole magnets are excited by a single power supply and the 400 quads and 280 sexts by individual power supplies. The required beam stay-clear aperture is x = f 35 mm and y = k 25 mm.
The integrated fields and field qualities for all SR magnets have been measured and evaluated to a few parts in to verify the tolerance requirements. The magnetic and mechanical axes and roll angles with repect to the fiducials located on top of the magnets were measured within tolerances of 0.060 rnm and 0.3 mrad, respectively. This paper summarizes the statistics of the measured magnet data for the SR magnets.
DESCRIPTION OF THE MAGNETS
In spite of the conventional nature of the magnets, the designs of the magnet cross sections are severely constrained to accommodate the vacuum chamber with its antechamber. Because of this requirement, rotation symmetries of 180" and 120" have been chosen for the quad and sext magnets, respectively, to minimize the undesired *Work supported by the U.S. Department of Energy, Office of Basic Energy Sciences, under Contract No. W-3 1-109-ENG-38. multipole field components. The cores of the magnets use 1.52-mm-thick laminations of low-carbon steel, coated on both sides with "C5" or a 13-pm-thick "B-stage" epoxy.
The C-type lamination core of the dipole magnet is stacked with a bending radius of 38.9611 m. The end-packs for both ends of the lamination core are assembled with 20 laminations. The pole-end bevels are designed so that the integrated and 2-D field shapes within k 25 mm in the transverse direction are not significantly different. Before magnetic measurements, the production dipoles were installed on girders and corrected for any mechanical distortions of the magnets along their lengths.
In order to accommodate the vacuum chamber, the top and bottom halves of the quad are not connected with fluxreturn yokes; they are connected mechanically with aluminum spacers between the halves [2] . Each of the top and bottom halves consists of two welded quadrant stacks. The magnet has pole-end bevels and pole chamfers. The cores of the sext magnet are assembled from three identical stacks of laminations, each with two poles and a flux-retum path joining them [2] . The vacuum chamber extends into one of the 102-mm air gaps between neighboring stacks. At each end, 12.7-mm-thick stainless steel plates hold the core sections in position; they are pinned and bolted to the core sections with an assembly fixture. The assembly of the magnet using the stainless steel plates is designed so that the upper two poles of the magnet core can be moved for installation of the vacuum chamber .
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MEASURED MAGNETIC DATA STATISTICS A. Dipole Data
The production dipoles were measured comparatively with respect to a reference dipole. Two sets of curved coils were connected in series, one fixed in the reference and one in the testing production magnet. The integrated field strengths were measured by ramping the excitation current of the dipole up and down while the field shapes were measured by moving the coil set in a transverse direction.
A second reference dipole was used to check the effects of the large number of pulses of the first reference dipole during the production measurements. The probe coils are flat printed circuit coils connected in series according to the curvature of the magnet. A printed circuit coil is 0.5 m long with an average width of 6.8 mm, height of 3.3 mm, and 170 turns [3]. and remanent dipole fields for the dipole magnets. It is seen that, for magnets with serial numbers 61-83, the integrated fields are weaker by approximately 5 x on average. At the same time, the remanent fields are higher by 2 Gauss. it is clear that these differences are due to different lamination properties. The root-mean-square (rms) values of the integrated fields are approximately 2.5 times that of the core lengths due to the tolerances of mechanical dimensions of the magnets. Because of these weaker dipoles with higher remanent fields, the histogram of the integrated fields for the dipoles in Fig. 3 is shifted toward the negative side. During compilation of the production magnet measurements, conducted for over a year, the measurement repeatability for ithe reference magnet was (2 The variations of the integrated fields within f25 mm of the transverse positions were less than 1.5 x . The quad and sext coefficients obtained fi-om a least square fit of the field variations in the midplane of the pole gap are shown in Fig. 4 . Overall, the coefficicnts at the operating current of 450A are less than 1.5 x _+ 1.5) 10-4.
. 
B. Quadrupole Magnet Data
The integrated fields and multipole field coefficients were measured using a rotating coil technique. The probe coil consists of "radial" and "tangential" coils on one cylinder Fig. 7 shows that those quads with Br'l higher than 0.064T have weaker B'1 by 2 x on average and the rms is relatively larger. It is also seen that the rms is larger at higher currents for all quads and the spread is even larger for those with higher Br'l. The asymmetrical shape of the histogram for the quad fields plotted in Fig. 8 is due to those different lamination properties. Magnet Serial Number Fig. 10 . "Allowed" multipole coefficients for the SR 0.5-m quads. The axis of the rotating coil was aligned to the magnetic axis by adjusting the magnet position to where the dipole and quad field components of the quad and sext magnets, respectively, vanished. Prior to this procedure the bore axis of the quad was aligned to the axis of the two air bearings defining the axis of the rotating coil using the following method. A laser beam unit was installed and aligned with the axis of the air bearing. A photo-quadrant detector was placed at the bore axis of the magnet aperture. After detecting the beam position along the bore axis, the magnet position was adjusted to align the bore axis to the laser beam. This procedure not only ensured parallelism between the bore and magnetic axes to at least f 0.2 mrad, but it also enabled measurement of the offset of the two axes. Magnet Serial Number Fig. 13 . The offsets between the magnetic and mechanical axe!; for the 0.5-m quads. The measured data statistics for all OS-m, 0.6-m and 0.8-m quads are summarized in Table 2 . The rms of the integrated field measurements of a 0.5-nn reference quad for over a year was 1.1 x and those for the fiducial positions and the roll angle were 0.026 mm and 0.083 mrad, respectively. Table 2 Measured data statistics for the SR quads. AB'l/B'l in unit, bn and an at r=25mm, and Ax and Ay 412.14 k6.92 Fig. 12 . The roll angles on top of the core surfaces when magnetically aligned for the 0.5-m quads. Plotted in Fig. 11 are the two fiducial positions relative to the magnetic axis which were measured when the dipole components and the roll angles of the quad fields were zero. These fiducial ball bases were welded prior to the magnetic measurements. At the same time, the angle of the relatively large, suggesting that it was a learning period of welding the fiducial bases to specified positions. It has been found that the horizontal positions and the angles have a relatively weak correlation; the average value of the horizontal positions, -0.058 mm, is due to a systematic error of the angle measurements by 0.15 mrad, assuming that
C. Sextupole Magnet Data
The integrated sext fields and those of the remanence are plotted in Figs. 14 and 15 for the 280 sexts. It is seen that there are at least three lev'els of remanences. The data is replotted in Fig. 16 to see the correlation between the sext strength and the remanenc'e. For sexts with lower Br"1 than the average by 22%, the sext strengths are higher by 7 x lom3 on average. It is seen idso that the data spread is larger at higher current for all magnets and more severe for those with higher Br"1. The dipole field components at 150A and OA are plotted in Fig. 17 . The total dipole field for all the sexts at 150A is approximately 3 x of the 80 dipole magnets. The multipole coefficients and alignment parameters for the sexts are much less stringent compared to those for the quads. Magnet Serial Number Fig. 14 the quads and sexts were due to different lamination properties. Because of the use of individual power supplies for these magnets, the magnitude of the spread is not an issue. The consistency of the data for the multipole coefficents, the fiducial positions, the offsets of the magnetic and mechanical axes, and the roll angles indicate that the mechanical tolerances of the quad and sext magnets were well maintained during the entire magnet fabrication period. The rms of the fiducial position and roll angle for the reference 0.5-m quad data during the period of the production measurements were 0.025 mm and 0.12 mrad, respectively. and remanences for the SR sexts. Advanced Photon Source," these proceedings.
IV. SUMMARY
Measured data and allowed tolerances for the SR magnets are summarized in Table 3 . For the dipoles, the use of laminations with different properties was a major factor for the data spread of dBlB1. Within +25 mm of the transverse positions, the variation of dBl/Bl was less than 1 x Similarly, the data spreads of the field strengths for
